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Abstract—In this paper, we investigate the beam alignment
problem in millimeter-wave (mmWave) distributed antenna sys-
tems where a home base station communicates with multiple
users through a number of distributed remote radio units (RRUs).
Specifically, a two-stage schedule-and-align (TSSA) scheme is
proposed to facilitate efficient communications. In the first
stage, a coarse beam scanning over the entire angular space
is performed while beam indices and the corresponding peak-
to-background ratios of the received power-angle-spectrum are
obtained from users’ feedback. Then, by exploiting the user
feedback, an efficient user scheduling algorithm is developed to
improve the system spectral efficiency and to reduce the system
misalignment probability. Next, the second stage of beam search
is performed by each RRU with reconfigured search angles,
search steps, and power levels to obtain a refined beam alignment.
Simulation results show that the proposed TSSA scheme can
significantly outperform the conventional one-stage method in
both centralized and distributed mmWave systems in terms of
beam alignment accuracy and spectral efficiency.
I. INTRODUCTION
The explosive growth of data-hungry mobile applications
has imposed a stringent requirement of ultra-high data rate
for future wireless communications [1], [2]. Thanks to the
abundant available bandwidth in millimeter-wave (mmWave)
frequency bands, mmWave communication technology [3]
has been recognized as a promising candidate technology to
substantially improve the system capacity [3], [4]. Unfortu-
nately, the inherent severe path loss and the vulnerability
to blockages in mmWave frequency bands are the funda-
mental obstacles to be tackled for achieving the promising
data rates of mmWave communications [3]. Exploiting the
short wavelength in mmWave frequency bands allows the
dense packing of a large-scale antenna array in compact
wireless transceivers. This offers the possibility of forming
highly directional information-carrying beams to provide a
significant array gain for compensating the propagation loss.
To strike a balance between hardware complexity and per-
formance in mmWave systems, instead of equipping each
antenna with a dedicated radio frequency (RF) chain, hybrid
architectures [4] have been proposed. In practice, realizing
efficient beamforming in hybrid architectures requires the
employment of inexpensive phase shifters (PS). However,
the establishment of highly directional transmission links in
mmWave systems relies on accurate beam alignment, e.g. [5]–
[7], between transmitters and receivers during the initial access
phase. This task is often quite challenging due to the low
pre-beamforming signal-to-noise ratio (SNR). To unlock the
potential of mmWave systems, this paper mainly focuses on
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the design of a practical scheme for handling the fundamental
issue of initial beam alignment in mmWave communications.
Apart from the serious path loss, mmWave communications
suffer from severe blockage effects [3], [8]. In particular, the
line-of-sight (LOS) component of mmWave channels might
be blocked by some large-size obstacles along the mmWave
propagation channels, such as tall buildings, which dramati-
cally degrades the system performance. To provide the LOS
diversity against the blockages, distributed antenna systems
(DAS), with multiple remote radio units (RRUs) assisting
the home base station (BS) via high-bandwidth low-latency
dedicated connection [9], were recently proposed to be applied
to mmWave communication systems [10], [11]. Intuitively, in
mmWave DAS, the probability that all LOS paths between
a user to all the distributed RRUs are completely blocked is
significantly lower than that of a centralized system setting.
However, fully exploiting the LOS diversity of mmWave DAS
requires an accurate beam alignment between RRUs and users.
Recently, the beam alignment problem has been intensively
studied in mmWave centralized systems [5]–[7]. To elaborate
a little further, the authors in [6] compared the beam alignment
method based on exhaustive search and hierarchical search [5].
They demonstrated that the exhaustive search always outper-
forms the hierarchical method in terms of both misalignment
probability and the worst case spectral efficiency, especially in
the low SNR regime. However, the exhaustive search incurs
a larger time-overhead compared to that of the hierarchical
search. Furthermore, the authors in [7] proposed an optimized
two-stage search algorithm for beam alignment via employing
judiciously designed energy budget allocation during the two-
stage beam scanning. However, the existing beam alignment
methods were designed for mmWave centralized systems [5]–
[7], which cannot be directly applied to mmWave DAS.
To the best of the authors’ knowledge, the effective beam
alignment scheme designs for mmWave distributed antenna
communication systems have not been reported in the open
literature yet.
This paper proposes a two-stage beam scheduling and
alignment scheme via exploiting the features of mmWave
DAS. In particular, the mmWave DAS inherently provides
the LOS diversity, which is robust against beam misalignment
since misalignment only occurs if a user was misaligned with
respect to (w.r.t.) all the distributed RRUs. In addition, each
RRU can only serve a limited number of users due to its
small number of equipped RF chains. If the DAS has some
prior information about users’ angle-of-departure (AOD), upon
effective user scheduling, each RRU only needs to search for
a smaller angular domain of its scheduled users, rather than
searching the entire angular space. The reduced search space
provides a better use of energy for beam training to discover
more users and to refine beam alignment of the discovered
users. To this end, a two-stage schedule-and-align (TSSA)
scheme for mmWave DAS is proposed. The first stage includes
a coarse beam alignment performed at all distributed RRUs
and each user sends its feedback of the best beam index and
its detection confidence level to the home BS. Based on the
user feedback, the home BS performs scheduling to associate
users with RRUs and reconfigures the beam search space and
power level. After receiving the beam scanning configurations
from the home BS, each RRU refines the beam alignment to
its scheduled user by focusing only a reduced search space
in the second stage. Simulation results demonstrate the supe-
rior performance of our proposed scheme in terms of beam
misalignment probability and spectral efficiency, compared to
the conventional one-stage exhaustive search-based approach
in both the centralized [6] and distributed systems.
Notations used in this paper are as follows. Boldface capital
and lower case letters are reserved for matrices and vectors,
respectively. CM×N denotes the set of all M × N matrices
with complex entries; (·)T denotes the transpose of a vector
or a matrix and (·)H denotes the Hermitian transpose of a
vector or a matrix; |·| denotes the absolute value of a complex
scalar and ‖·‖ denotes the Euclidean norm of a vector. The
circularly symmetric complex Gaussian distribution with mean
µ and variance σ2 is denoted by CN (µ, σ2).
II. SYSTEM MODEL
In this work, we consider a downlink mmWave DAS with
N RRUs and K users in a micro cell, as shown in Fig. 1.
We assume that N = K , while each RRU and user have
M transmit antennas and one receive antenna, respectively.
Each user and RRU are equipped with a single RF chain1.
Additionally, we assume that the AODs of each user at each
RRU are independent with each other. All the RRUs are
connected to the home BS through optical fibre cables with
unlimited fronthaul capacities2. The home BS communicates
to all the users through RRUs in mmWave frequency band to
provide a high data rate communication, while low-frequency
links between the home BS and users are reserved for control
signal and user feedback. Therefore, we can assume reliable
links from users to the home BS are available for information
feedback during beam alignment.
Here, the RRUs are uniformly distributed over a circle (dash
line in Fig. 1) whose radius D0 is half of the cell radiusD. We
assume that each RRU is equipped with an uniform circular
array (UCA) [12], as shown in Fig. 2, where λ denotes the
wavelength at the carrier frequency. The radius of the UCA
is set as r = λ
4 sin( πM )
to satisfy the antenna spacing of λ2 .
In fact, UCA is a general array structure which can be easily
extended to an arbitrary antenna array [12]. Besides, compared
to the uniformly linear array (ULA), it can avoid the left-right
1As a first attempt to investigate the beam alignment in mmWave DAS,
we start with a simple system model consisting of single-antenna users and
single-RF chain RRUs. In our journal version, we will extend the proposed
beam alignment scheme to the case with multi-antenna user equipments and
multi-RF chain RRUs.
2We note that the limited-capacity fronthaul may lead to a performance
degradation of the proposed scheme. In this case, a distributed implementation
with limited signalling and information exchange overhead is preferred, which
will be considered in our future work.
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Fig. 1. The system model for a downlink mmWave DAS.
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Fig. 2. The UCA structure at each RRU. Each dot denotes an antenna.
ambiguity problem [12] to cover the entire angular space to
facilitate the exploitation of LOS diversity. To perform the
beam alignment between RRUs and users, the n-th RRU first
selects one pilot sequence with length of T symbols, i.e., sn ∈
CT×1 satisfying ‖sn‖2 = T , from an orthogonal pilot set CP =
{sn, n = 1, . . . , N}, T ≥ N . Then, the n-th RRU encodes
pilot sequence sn to a codeword selected from its beamforming
codebook CB,n = {wn (θn,c) , c = 0, . . . , C−1} and broadcast
it to all the users, where the codebook size C equals the total
steps for beam scanning. Here, wn (θn,c) ∈ CM×1 represents
the array response vector of the n-th RRU at the AOD θn,c
with ‖wn (θn,c) ‖2 = 1, for n = 1, . . . , N . The beamforming
codebook CB,n is determined by its beam search space, i.e.,
θn,c, ∀c, which further depends on its received beam scanning
configurations, with beam scanning center θn, search range
Θn ∼ [0, π] and search step ∆n = 2ΘnC . The detailed beam
scanning configurations will be discussed in the next section.
To generate an analog beam towards θn,c at the n-th RRU, the
analog beamformer wn (θn,c) for its UCA [12] is given by
wn (θn,c) =
1√
M
e
(
j2pi
[xele cos(θn,c)+yele sin(θn,c)]
λ
)
, (1)
where xele =
[
r, r cos
(
2pi
M
)
, . . . , r cos
(
2pi(M−1)
M
)]T
and
yele =
[
0, r sin
(
2pi
M
)
, . . . , r sin
(
2pi(M−1)
M
)]T
denote the
horizonal and vertical antenna coordinations w.r.t. the center
of the UCA, respectively. Note that the analog beamformer in
(1) is obtained via projecting all the antennas of UCA to the
unit vector e (θn,c) = [cos (θn,c) , sin (θn,c)]
T
at the interested
AOD θn,c, as depicted in Fig. 2.
During the c-th step of beam scanning, the received se-
quence y
(c)
k ∈ C1×T at the k-th user is given by
y
(c)
k =
∑N
n=1
√
pnh
H
n,kwn (θn,c) s
H
n + zk, (2)
where hn,k ∈ CM×1 is the downlink channel vector from the
n-th RRU to the k-th user and is assumed to be a constant
for the whole transmission frame; and zk ∈ C1×T is the
additive white Gaussian noise (AWGN) with independent and
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Fig. 3. The proposed TSSA scheme for mmWave DAS.
identically distributed (i.i.d.) entries ∼ CN (0, σ2k). Denoting
the total power budget for beam alignment of DAS as psum, we
can allocate a power pn to the n-th RRU for pilot transmission
with
∑N
n=1 pn ≤ psum. Following the widely adopted Saleh-
Valenzuela model for mmWave systems [13], [14], the channel
between the n-th RRU and the k-th user is given by
hn,k = βn,kαn,k,0hn,k,0︸ ︷︷ ︸
LOS
+
∑L
l=1
αn,k,lhn,k,l︸ ︷︷ ︸
NLOS
, (3)
where βn,k ∈ {0, 1} captures the blockage effect in mmWave
channels, e.g. βn,k = 0 means that there is no LOS path from
the n-th RRU to the k-th user and βn,k = 1 otherwise. A prob-
abilistic model [8] is adopted to characterize the probability
of LOS blockage:
P(βn,k = 0) = 1− P(βn,k = 1) = 1− e−
dn,k
̺ , (4)
where dn,k is the distance between the n-th RRU and the k-th
user and ̺ is a constant which depends on the building density
in the considered area. In (3), the vector hn,k,l ∈ CM×1 is
the channel vector for the l-th path between the n-th RRU
and the k-th user, ∀l = 0, 1, . . . , L, where l = 0 denotes
a LOS path and l > 0 denotes a non-line-of-sight (NLOS)
path. In addition, αn,k,l ∈ C is the corresponding l-th path
gain coefficient between the n-th RRU and the k-th user. We
assume that there are L NLOS paths between each pair of user
and RRU.
Here, we define the user misalignment probability and
system misalignment probability, which are different from the
conventional definitions in centralized BS single-user systems,
e.g. [6], [7]. In particular, a misalignment event happens
between the k-th user and the n-th RRU if cˆn,k 6= c∗n,k,
where cˆn,k denotes the detected beam index of the n-th RRU
at the k-th user and c∗n,k denotes the corresponding ground
truth value. A user is misaligned only if it is misaligned w.r.t.
all the distributed RRUs. As a result, we can define the user
misalignment probability as Pmisk = Π
N
n=1P(cˆn,k 6= c∗n,k),
∀k. Furthermore, the system misalignment is defined as that
at least one user in the system is misaligned, i.e., Pmissys =
1−ΠKk=1(1− Pk).
III. PROPOSED TSSA PROTOCOL
The key idea of the proposed TSSA scheme is to obtain a
coarse estimation in the first stage which provides information
for the beam scanning range, step, and power dynamically in
the second stage.
A. Coarse Beam Scanning and Information Feedback
In the first stage, the n-th RRU exhaustively searches the
entire angle space Θn = π with a coarse spatial resolution C1,
i.e., a large beam scanning step ∆n =
2Θn
C1
, via transmitting
its unique orthogonal pilot sequences sn with transmit power
pn =
psum
N
to all users, ∀n, as illustrated in Fig. 3(a). In the c-th
step of beam scanning, the k-th user can extract the effective
channel gain to the n-th RRU with the analog beamformer
wn (θn,c) via computing the correlation between the received
sequence y
(c)
k and the pilot sequence sn, i.e.,
ςn,k(c) =
∣∣∣y(c)k sn∣∣∣2 = ∣∣T√pnhHn,kwn (θn,c) + zksn∣∣2 , (5)
where ςn,k is the defined power-angle-spectrum (PAS) of the
n-th RRU obtained at the k-th user as a function of beam index
c. Then, the k-th user can determine the best beam index of
the n-th RRU, i.e.,
cˆn,k = argmax
c
ςn,k(c). (6)
In addition, due to the impact of the AWGN in (5), the
estimated best beam index cˆn,k in (6) can be different from the
ground truth c∗n,k. Therefore, we define a metric here to capture
the confidence of the correctness of the estimated beam index,
we define the peak-to-background ratio (PBR), which is given
by ξn,k =
ςn,k(cˆn,k)∑
c 6=cˆn,k
ςn,k(c)
. In general, if the PAS has a higher
value of PBR, the detected beam index is a better choice to
reduce the beam misalignment compared to other indices. It is
reasonable that a higher PBR can be achieved with a less noise
power and vice versa. For simplicity, this paper considers the
PBR as a confidence metric without justifying its optimality
w.r.t. the performance of beam misalignment. Other confidence
metrics can be considered in future works.
After the coarse beam scanning, the k-th user feeds back
the detected beam index cˆn,k and the quantized PBR ξn,k,
∀k, of all the distributed RRUs to the home BS through a
reliable communication link at the lower frequency band. We
assume that the quantization resolution for PBR is sufficient
to distinguish the different confidence levels from each user to
each RRU for user scheduling. Note that, in practical imple-
mentation, several bits of quantization on PBR are adequate
for efficient user scheduling, which only introduces a light
feedback traffic load and a negligible feedback delay.
B. User Scheduling and Beam Scanning Configuration
The user scheduling and beam scanning configuration are
performed at the home BS, based on the information feedback
in the first stage.
1) User Scheduling: Inspired by the concept of propor-
tional fairness [15], [16], the user scheduling design is for-
mulated as an optimization problem to maximize the sum-log
of users’ confidence which is given by:
maximize
un,k,∀n,k
∑N
n=1
ln
(∑K
k=1
ξn,kun,k
)
s.t. C1:
∑K
k=1
un,k = 1, ∀n, C2:
∑N
n=1
un,k = 1, ∀k,
C3: un,k ∈ {0, 1}, ∀n, k, (7)
where un,k is the user scheduling variable such that un,k = 1
means that the k-th user is paired with the n-th RRU and
un,k = 0 otherwise. Constraint C1 is introduced to guarantee
that each RRU serves one user and C2 is imposed to ensure
that each user is associated with one RRU. The considered
sum-log of confidence in the objective function in (7) aims
to schedule more users and to improve the beam alignment
performance. In particular, maximizing the sum-log of con-
fidence is equivalent to maximizing the product of users’
confidence, which can efficiently improve beam alignment
performance via associating users with their trustable RRUs.
Moreover, if a user does not possess trustable beam alignments
to all the distributed RRUs in the first stage, the proposed
user scheduling design would consider this user with a higher
priority and may associate the most trustable RRU to this user.
The formulated problem in (7) is a non-linear integer pro-
gramming problem and it can be transformed to the following
equivalent optimization problem:
maximize
un,k
∑N
n=1
∑K
k=1
ln (ξn,k)un,k s.t. C1,C2,C3. (8)
The equivalence between (7) and (8) can be easily proved via
verifying that both optimization problems results in the same
objective value for any feasible solution satisfying C1, C2,
and C3. The resultant problem in (8) is a standard integer
linear programming problem which can be solved via some
specific numerical solvers, such as Mosek [17] via various
non-polynomial algorithms.
2) Beam Scanning Configuration: Let us denote the opti-
mized user scheduling variable via solving (8) as uˆn,k. The
home BS allocates the power to RRUs based on the confidence
level of their scheduled users ξˆn =
∑K
k=1 ξn,kuˆn,k. It is
expected to allocate a higher power level to the RRU with a
lower confidence level and vice versa. Therefore, the fractional
transmit power allocation (FTPA) scheme [18] is adopted
where the power allocated to the n-th RRU can be given by
pn =
psumξˆ
−ν
n∑N
n=1 ξˆ
−ν
n
, (9)
where 0 ≤ ν ≤ 1 is the decay factor. The larger the decay
factor ν, the higher the power is allocated to the RRU with
a lower confidence level ξˆn. As a result, the adopted FTPA
strategy favours the RRU with a lower confidence level ξˆn to
discover its scheduled user.
Apart from the power allocation, we desire to configure the
beam scanning range based on confidence level ξˆn of each
RRU for a better use of limited system resources. It is expected
that a narrower beam scanning range and a finer scanning step
should be allocated to the RRU with a higher confidence ξˆn,
which facilitates to achieve a higher effective channel gain.
On the other hand, if a RRU has a lower confidence level
for its scheduled user, a wider beam scanning range would be
allocated to this RRU. With the aid of our proposed power
allocation in (9), the beam alignment performance of this
RRU can be improved. In addition, we introduce a Q-function
based beam scanning range control, since it is a decreasing
function w.r.t. its input and its shape can be easily controlled
via adjusting its mean µ and standard deviation σ. In particular,
the beam scanning range of the n-th RRU is given by
Θn
(
ξˆn
)
= πQ
(
ξˆn − µ
σ
)
, (10)
with the scanning step as ∆n =
2Θn
C2
and the corresponding
beam scanning center as θn =
2pi
C1
cn,k, if uˆn,k = 1, where C2
denotes the codebook size adopted in the second stage. Here,
the mean µ and the standard deviation σ in the employed Q-
function are introduced to shape different control functions
and they can be optimized based on a certain criterion. For
instance, σ = 0 results in a step function while σ =∞ yields
a linear function.
C. Refined Beam Alignment and Beam Index Feedback
All the distributed RRUs receive the beam scanning con-
figuration information from the home BS through the optical
fibre cables and begin to perform a refined beam alignment
in the second stage. In particular, in the c-th step of beam
scanning, the n-th RRU generates an analog beam towards
the AOD θn,c = θn − Θn + c∆n, c = {0, 1, . . . , C2} and
transmits the pilot sequence sn with power pn, as shown in
Fig. 3(b). At the user side, similar to the first stage, after
computing the correlation between the received sequence and
the pilot sequence, each user can obtain its PAS and detect the
refined beam index c˜n,k. All the users feed back the refined
beam index c˜n,k to the home BS through the low frequency
link. The home BS can obtain the AOD of each user to its
associated RRU via θˆn,k = θn −Θn + c˜n,k∆n, ∀n, k.
IV. SIMULATION RESULTS
In this section, we evaluate the performance of our proposed
TSSA scheme for mmWave DAS. Unless specified otherwise,
the simulation setting is given as follows. The number of
transmit antenna at each RRU isM = 32. Considering a single
cell with a cell radius D = 400 m, there are a single home
BS at the center of the cell and N distributed RRUs uniformly
distributed on a circle with radius D0 =
D
2 = 200 m. All
the K = N users are randomly and uniformly distributed in
the cell. The considered mmWave DAS operates at a carrier
frequency of 28 GHz and the system bandwidth width is 100
MHz. The existence of LOS path from each user to RRU
follows the probabilistic model as in (4) and there exists L = 3
NLOS paths. In addition, the adopted path loss models for
LOS and NLOS paths follow Table I in [19]. The total system
transmit power is psum = 30 dBm and the noise power at all
the users is assumed to be identical with σ2k = −88 dBm. We
consider the pilot length in the range 16 ≤ T ≤ 1024 symbols.
The decay factor in (9) is ν = 0.5 and ̺ in (4) is ̺ = D0.
The mean and the standard deviation in (10) is µ = 0.8 and
σ = 0.2, respectively.
Two baseline schemes are considered for comparison. For
baseline scheme 1, we consider a centralized subarray ar-
chitecture BS equipped with N M -antenna subarrays. The
conventional one-stage exhaustive search (OSES) is utilized
for beam alignment due to its superior performance compared
to the hierarchical search approach [6]. For baseline scheme
2, we consider the same DAS system as in Fig. 1 but applying
the conventional OSES beam alignment method [6]. Note that
for baseline scheme 2, each RRU needs to select its serving
user and generate an analog beam to this user. For simplicity,
random scheduling is considered for baseline scheme 2. We
assume that the codebook size is C =M for the conventional
OSES beam alignment. In addition, for our proposed TSSA
scheme, we assume that C1 = C2 =
C
2 , so that the beam
alignment delay is the same as that of the one-stage method3.
For all the considered schemes in this section, each RRU (or
subarray) generates the analog beam based on the results of
beam alignment. Then each user transmits its unique orthog-
onal pilot to RRUs and the home BS performs the effective
channel estimation with minimum mean square error (MMSE)
channel estimation technique [20]. Through the use of time
division duplex (TDD) and exploiting the channel reciprocity,
the BS calculates the zero-forcing (ZF) digital precoder for
3Note that, by adjusting C1 and C2, we may obtain a better trade-off
between beam alignment delay and performance. However, in this paper, we
focus on comparing the beam alignment performance in terms of misalignment
probability and spectral efficiency with the same delay.
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data multiplexing based on the estimated effective channel
state information. Considering a simple equal power allocation
among users, we can obtain the individual rate. The simulation
results shown in the sequel are obtained by averaging the
performance over thousands of channel realizations.
Fig. 4 illustrates the system misalignment probability versus
the pilot length with N = 8. Even though both schemes adopt
the conventional OSES beam alignment, it can be seen that
baseline 2 outperforms baseline 1 due to its inherent LOS
diversity against blockages in mmWave channels. In addition,
we can observe that our proposed TSSA scheme can substan-
tially reduce the system misalignment probability compared to
the two baseline schemes. Compared to the conventional OSES
beam alignment, our proposed TSSA scheme can efficiently
exploit the PBR feedback information and effectively schedule
users to their trustable RRUs for the refined beam alignment.
Fig. 5 illustrates the cumulative distribution function (CDF)
of users’ individual data rates of our proposed schemes and
baseline schemes with T = 1024, N = 8, and psum = 30
dBm. It can be seen that our proposed TSSA scheme can offer
the best rate distribution, compared to both the centralized
system and the distributed system with conventional OSES
beam alignment. In fact, the performance gain arises form
the inherent LOS diversity of mmWave DAS, which can
effectively improve the probability of the LOS existence of
a user and thus improve its spectral efficiency. On the other
hand, as shown in Fig. 4, our proposed TSSA scheme can
significantly improve the beam alignment performance and
thus can achieve a larger effective channel gain, which also
contributes to a higher spectral efficiency.
V. CONCLUSION
In this paper, we proposed a new two-stage schedule-and-
align scheme for beam alignment in hybrid mmWave DAS
to effectively exploit the LOS diversity. Different from the
conventional one-stage beam alignment scheme, our TAAS
scheme first obtains the beam index and the corresponding
confidence level through a coarse beam scanning within the
entire angular space. Then, user scheduling and power control
are performed in order to improve the accuracy of beam align-
ment. In the second stage, the beam search with reconfigured
search angles and search steps is carried out to refine the beam
alignment. Simulation results demonstrated the effectiveness
of the proposed scheme and the significant performance im-
provements of our method over the conventional schemes.
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